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[K40.042] Coupling of armchair and zigzag tubes to a free electron metal
M. P. Anantram (NASA Ames Research Center, Moffett Field, CA 94035-1000)

The effect of nanotube chirality is of prime importance in determining its electronic properties. We
address the issue of how chirality affects the coupling of a nanotube to metal contacts. We model
coupling of armchair and zigzag nanotubes to metal contacts, in both the side- and end-contacted
geometries. In the side-contacted geometry, the coupling of armchair and metallic-zigzag nanotubes to
a free electron metal are significantly different. Namely, it is possible to drive a larger current through a
metallic-zigzag nanotube. The predicted difference holds good when both (a) the entire circumference
and (b) only a finite sector of the nanotube makes contact to the metal electrode. It might be possible to
observe the predicted difference between armchair and zigzag nanotubes using gold contacts.
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Which nanowire couples better electrically to a metal contact:

Armchair or Zigzag NT?

M. P. Anantram
Nanoelectronics & Device Modeling Group
NASA Ames Research Center

Moffett Field, CA 94035-1000
U.S. A

Transmisslon vs Energy of a (10,10) Nanotube
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« Close to E=0: Total Transmission (T) = 2, Resistance = 6.5 kQ2

Electronic properties of nanotubes are closely related to chirality:

« Metal versus Semiconductor
» Bandgap change with deformation / strain.

Question: .
is there a preferable nanotube chirality to maximize current flow?

NANOTUBE Parameters that influence current fiow:

« Strength of coupling to metal

= Length of metal-nanotube contact
« Defacts

» Metal Fermi wave vector

Scattering rate
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Scattering rate from metal to nanotube (Born approx.):
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Y= e (1] n = integer and ¢ is wave func. of atoms in a 1D unit cell

* Ky Is conserved
K conservation is relaxed due to finite width of contact area
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E=0 atk, = 2x/3ag=0.85 A" E=Oatk,=0
Metal with kg < 0.85 A”! No threshold for kgermi
couples weakly; threshold Kgeemi

Below threshold kgermi - T does not scale with increase in contact length.

How do we model the system?

1 electron tight binding model
» Metal is modeled as a free electron gas (kg)

. ._..HF+A.!_1+4.FFHN.

» Phys. Rev. B, v.58, p. 4882 (1998) and v. 61, p. 14219 (2000)
+ Compute self energy due to: (i) metal & (i) semi-infinite CNT leads

ARMCHAIR
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Number of unit cells
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o 2n ]
 threshold for ks is 35~ =0.85 A no threshold for ky
(see k= 0. 75A™" and 0.9A™ curves) (see k= 0.4A™ curve)

» For zigzag tubes, Tyy Is small for k. < 1.2 A1 as a result of the large
angular momentum. i.e. armchair tubes couple better than zigzag tubes

» Transmission /increases with contact length as seen in experiment by Tans
et. al., Nature, vol. 386, 474 (1997)

+ T is small compared to the maximum possible value of 2.
» Experimentally two possible scenarios are possible to increase T:

* Large contact length - Small coupling * Small contact length - Large coupling

NANOTUBE
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» Technologically, the second option (right) is better
« Computationally, the second option (right) is less intensive

* We consider a contact length of 30 unit cells (72 A for armchair and
125 A for zigzag nanotubes), and vary the coupling strength,
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« Armchair:Transmission is pinned at values 0.25; 0.25)
close to unity for metal kq of 0.9 and 1.2 A" s o
« Zigzag: Transmission increases to two m E 0 005 o0f 015 02 03 0 005 01 015 02 05
(maximum possible value) b F| Coupiing Strength (V) Coupling Srength (V)
« At small coupling strengths, transmission
increases more rapidly in the armchair case K

Nodes on the cylinder - Shape of NT wave function
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metal  k=0.90 A" — distance between nodes 6 A
Gold ke=1.20 A! - distance between nodes 3.4 A
Aluminum k=1.75 A" - distance between nodes 2 A

Scattering rate from Metal to Nanotube & <énanotube | Heoupling | Wmetai>
<+-| Heoupling | Wmeta1> ~ 0- Hence, Transmission is pinned close to unity.

+ Side-contacted: zigzag nanotube are more desirable (curvature)
» Larger metal Fermi wave vector helps.




Related Issues - Future work

« Defects in nanotube (e.g., bond rotation defects)

« Location of metal atoms close to interface (beyond metal jellium)
« incommensurability of nanotube and metal lattices
* Whare are the metal atoms w.r.t. the nanotube atoms.
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How does this compare t0: H.u. Chel, J. hm, Y-G. Yoon & 8.0. Loule, Phys. Rev. B, v. 60 (1968)?

T mode Is reflected because of band offset
’ ’ 7* mode couples weakly to metal but
” o~ jeaks out into the metal.
& > T Ty To0
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-  This Is different from the present
™ TaL case, where,

T
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Conclusions

« Requirement for axial wave vector conservation causes non trivial
difference in coupling of zigzag and armchair tubes.
ARMCHAIR Z2IGZAG
CUL-Off Kpgpmi = 27/380 = 0.85A" cut-off Keeemi="0

 Armchair tubes couple better than zigzag tubes to metal for small
lengths of contact or coupling strength

It is desirable for molecular electronics applications to have a small
contact area, yet large coupling

The above behavior changes with increase of coupling strength OR
contact area, and as a result, the circumferential dependence of the
nanotube wave function dictates:

+ Transmission in armchair tubes saturates around unity
+ Transmission in zigzag tubes saturates at two

+ For metal Fermi wave vectors comparable to 1.75 A the ammchair
tube couples better to the metal - A direct result of metal-wavefunction
moduiation over smaller length scales along the circumference of the
nanotube.
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Transmission vs Energy of a (10,10) Nanotube

Fermi energy

"
L]
X
: 4
2
[ Y
-2
-

Aabadosdadad

02 ¢ 8 81012 14 16 18 2 5

« Close to E=0: Total Transmission (T) = 2, Resistance = 6.5 kQ

Electronic propertias of nanotubes are closely related to chirality:

« Metal versus Semiconductor
« Bandgap change with deformation / strain.

Question:

Is there a preferable nanotube chirality to maximize current flow?

NANOTUBE Parameters that influence current flow:

» Strangth of coupling to metal
¢ Length of metal-nanotube contact
» Defects

* Metal Fermi wave vector

Scattering rate
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Y=e ¢ n = integer and ¢ is wave func. of atoms in a 1D unit cell

« K, is conserved

* K, conservation is relaxed due to finite width of contact area
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E=0 at k, = 2n/3ay = 0.85 A" E=Oatk,=0
Motal with kpgymi < 0.85 A”1 No threshold for Kgermi
couples weakly; threshold Kgeemi

Below threshold Kpeemi - T do8s not scale with increase in contact length.

How do we model the system?

+ = electron tight binding model
« Metal is modeled as a free electron gas (kf)

* Ta+ T+ T =2

« Phys. Rev. B, v.58, p. 4882 (1998) and v. 61, p. 14219 (2000)
« Compute self energy due to: (i) metal & (ii) semi-infinite CNT leads

ARMCHAIR
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« threshold for ki is ula” =0.85 A" no threshold for k;
(see k= 0. 75A™ and 0.9A™ curves) (see k; = 0.4A™ curve)

» For zigzag tubes, Ty is small for k< 1.2 A1 as a result of the large
angular momentum. i.e. armchair tibes couple better than zigzag tubes

+ Transmission increases with contact length as seen in experiment by Tans
et. al., Nature, vol. 386, 474 (1997)

« T is small compared to the maximum possible value of 2.
« Experimentally two possible scenarios are possible to increase T:

* Large contact length - Small coupling * Small contact length - Large coupling

NANOTUBE v A NANOTUBE

B

electrical contact

» Technologically, the second option (right) is better
« Computationally, the second option (right) Is less intensive

» We consider a contact length of 30 unit cells (72 A for armchair and
125 A for zigzag nanotubes), and vary the coupling strength.
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« At small coupling strengths, transmission
increases more rapidly in the armchair case k

Nodes on the cylinder - Shape of NT wave function
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Gold k=1.20 A" - distance between nodes 3.4 A
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Scattering rate from Matal to Nanotube & <¢nanotube | Heoupiing | Wmetar®
<+ =| Heoupling | Ymeta> ~ 0. Hence, Transmission is pinned close to unity.

» Side-contacted: zigzag nanotube are more desirable (curvature)
« Larger metal Fermi wave vector helps.




Related Issues - Future work

« Defacts in nanotube (e.g., bond rotation defects)

« Location of metal atoms close to interface (beyond metal jellium)
« Incommensurability of nanotube and metal lattices
» Where are the metal atoms w.r.t. the nanotube atoms.

What happens when the contact length continues to increase? Speculation

How does this compare to: H.J. chot, J. hm, Y-G. Yoon & 8.G. Louis, Phys. Rev. B, v. 60 (1999)?

Tt mode s reflected because of band offset
’ ’ T* mode couples weakly to metal but
RN leaks out into the metal.
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Conclusions

» Requirement for axial wave vector conservation causes non trivial
difference in coupling of zigzag and armchair tubes.
ARMCHAIR ZIGZAG
CUt-Off Kpgrmi = 2/38g = 0.85A"" cut-off Kpgrmi=0

» Armchair tubes couple better than zigzag tubes to metal for small
lengths of contact or coupling strength

It is desirable for molecular electronics applications to have a smait
contact area, yet large coupling

The above behavior changes with increase of coupling strength OR
contact area, and as a result, the circumferential dependence of the
nanotube wave function dictates:

+ Transmission in armchalr tubes saturates around unity
+ Transmission in zigzag tubes saturates at two

+ For metal Fermi wave vectors comparable to 1.75 A1 the armchair
tube couples better to the metal - A direct result of metal-wavefunction
modulation over smaller length scales along the circumference of the
nanotube.
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« Close to E=0: Total Transmission (T) = 2, Resistance = 6.5 kQ

Electronic properties of nanotubes are closely related to chirality:

+ Metal versus Semiconductor
« Bandgap change with deformation / strain.

Question:
is there a preferable nanotube chirality to maximize current flow?

NANOTUBE Parameters that influence current flow:

« Strength of coupling to metal

« Length of metal-nanotube contact
« Defects

* Metal Fermi wave vector

Scattering rate
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Scattering rate from metal to nanotube (Born approx.):
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Y= e ¢ n = integer and § is wave func. of atoms in a 1D unit cell

* K, Is conserved
* Ky conservation Is relaxed due to finite width of contact area




